Aim: To investigate the pharmacokinetic interactions induced by content variation of the main water-soluble components of Danshen injection in rats. Methods: Intravenous Danshen injection (control) or Danshen injection with danshensu (DSS), protocatechuic aldehyde (PAL), salvianolic acid A (Sal A) or salvianolic acid B (Sal B) were administered to female Sprague Dawley rats . Plasma concentrations of DSS, Sal A, PAL and its oxidative metabolite protocatechuic acid (PA) were analyzed simultaneously with LC-MS/MS; concentrations of Sal B were determined by the LC-MS method. Non-compartmental pharmacokinetic parameters were calculated and compared for identifying the pharmacokinetic interactions among these components. Results: Compared with the control group, the DSS, Sal A, and Sal B groups had significant increases in AUC 0-∞ in response to elevated concentrations of PAL ( by 78.1%, 51.0%, and 82.9%, respectively), while the clearances (CL) were markedly reduced (by 42.5%, 32.9%, and 46.8%, respectively). Similarly, Sal A increased the AUC 0-∞ of DSS and Sal B (26.7% and 82.4%, respectively) and substantially decreased their clearances (21.4% and 45.6%, respectively). In addition, the pharmacokinetics of DSS and Sal B were significantly affected by the content variation of the other major components; the AUC 0-∞ increased by 45.1% and 52.1%, respectively, the CL dropped by 29.6% and 27.1%, respectively, and the T 1/2 was decreased by 22.0% and 19.6%, respectively. Conclusion: Complex, extensive pharmacokinetic interactions were observed among the major water-soluble constituents in the Danshen injection. The content variation of PAL had the most significant effect on the pharmacokinetic behaviors of other major constituents. Furthermore, the pharmacokinetics of DSS and Sal B were the most susceptible to the content change of other components.
Introduction
In contrast to Western drugs, herbal medicines are complex products consisting of multiple compounds that achieve their multitarget therapeutic effects by the interactions between these compounds [1] . Recent studies have shown that pharmacological activities may differ between the isolated components and the total extracts [2, 3] , indicating that the interactions among these known and unknown components may play an essential role in the activity of the prescription as a whole. These differences in biological activities are also generally reflected in the pharmacokinetic behaviors of these ingredients [4] [5] [6] [7] . For example, baicalin in Huang-Lian-Jie-Du-Tang influenced the pharmacokinetic behavior of wogonoside [5] .
The other ingredients in Gentiana manshurica had a remarkable influence on the pharmacokinetics of gentiopicrin [6] . These findings strongly suggest that more attention should be paid to effects of multicomponent pharmacokinetic interactions on the integrity of complete prescriptions.
Danshen, the dried root of Salvia miltiorrhiza Bge, has been widely used in many Asian countries for the treatment of cardiovascular and cerebrovascular diseases [8] [9] [10] . Chemical constituent studies show that danshen primarily contains diterpenoid tanshinones and phenolic acids [11, 12] . Recently, the phenolic acids of danshen have gained more attention as a large pool of natural antioxidants [13] . In Danshen injection (DI), phenolic acids including danshensu(DSS), protocatechuic aldehyde(PAL), salvianolic acid A(Sal A), salvianolic acid B(Sal B) (Figure 1 ), rosmarinic acid, salvianolic acid D, and lithospermic acid [14] account for more than 90% of the constituents; nearly no lipophilic constitutes have been detected [15] .
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Acta Pharmacologica Sinica npg Thus, the pharmacologic efficacy of Danshen injection should mainly relate to these phenolic acids. However, Danshen injection has been shown to vary considerably depending on different pretreatment and manufacture processes [16] [17] [18] . Furthermore, the diverse geographical origins and climates of the plants cause the content of active components to differ significantly [19, 20] . The content variation of Sal A or Sal B is easily observed in different batches of Danshen injections, sometimes more than tenfold [17, 21] . This variation was also reflected in a recent fingerprint study [14] . Therefore, it is necessary to investigate to what extent such differences may contribute to the pharmacokinetics of these main active ingredients in Danshen injections.
In recent years there have been some reports on the pharmacokinetic interactions of danshen [4, 22, 23] . For example, Song et al showed the pharmacokinetics of cryptotanshinone and tanshinone IIA to be significantly affected by the oral administration of tanshinone extract in rats [4] . Guo et al also investigated the pharmacokinetic interactions between tanshinones and polyphenolic extracts of Salvia miltiorrhiza in rats and found the AUC of tanshinone IIA and Sal B increased remarkably after giving the mixture of tanshinones and polyphenolic extracts [22] . However, these studies are unable to clarify which component contributes to the pharmacokinetic interactions.
In the present study, we investigated the pharmacokinetic interactions of DSS, PAL, Sal A, and Sal B in rats using the "adding" method based on the integrity of Danshen injection. The content of each main component increased up to 10-fold of the corresponding levels in Danshen injections. Pharmacokinetic parameters were then calculated and compared. Because PAL is rapidly converted in vivo to PA, which has been shown to have obvious pharmacological activities [24, 25] , PA was selected as another target in our study.
Materials and methods

Chemicals and animals
Danshensu, protocatechuic aldehyde, protocatechuic acid, salvianolic acid B, and vitamin C were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Salvianolic acid A, chloramphenicol, and Danshen injection (Batch No 0903053) were kindly supplied by Chiatai Qingchunbao Pharmaceutical Co Ltd (Hangzhou, China). The DSS, PAL, Sal A, and Sal B contents were determined using a validated HPLC method to be 0.701, 0.237, 0.0121, and 0.163 g/L, respectively. Methanol, acetonitrile, and formic acid (Merck Corporation, Darmstadt, Germany) were of HPLC grade; all other reagents were of analytical grade.
Female Sprague Dawley rats (clean grade) weighing 180-220 g were obtained from the Laboratory Animal Center of Nantong University (Nantong, China, License No SCXK(Su) 2008-0010). The animals were kept on a 12 h light/dark cycle for a minimum of three days with free access to water and a standard diet before the experiments. The studies were approved by the Animal Ethics Committee of China Pharmaceutical University. Every effort was made to minimize stress to rats.
Animal studies
Rats were fasted overnight with free access to water before the experiment. Then they were randomly assigned into five groups (Group A-E, n=6 each). Group A (control group) was given Danshen injection, Groups B-E (component-adding groups) were given Danshen injection with DSS, PAL, Sal A, or Sal B, respectively. Contents of these four substances were validated using the HPLC method to ensure the quality of test samples. The administration volume of the drug solution was 10 mL/kg in all groups. After the rats were lightly anesthetized with diethyl ether, surgery was conducted to quickly expose one side femoral vein and then the drug solution was administered via the femoral vein within 30 s. Doses of DSS, PAL, Sal A, and Sal B in each group are summarized in Table 1 .
Blood samples (0.2 mL) were collected from the ophthalmic venous plexus in heparinized polythene tubes immediately before drug administration and 2, 5, 10, 20, 30, 45, 60, 90, 120, and 180 min post-dosing for the simultaneous analysis of DSS, PAL, PA, and Sal A. Plasma was separated quickly using centrifugation at 1600×g for 10 min and stored at -20 °C until analysis.
For the analysis of Sal B, twenty-four rats were randomly divided into four groups (Group A'-D', n=6 each). The method of administration was the same as for the animal The samples were prepared as follows: 100 μL plasma samples were mixed with 20 μL of vitamin C (1 g/L) and 25 μL of the IS spiking solution (chloramphenicol, 800 μg/L). Then the mixture was acidified with 100 μL of 1 mol/L HCl and vortexmixed with 3 mL ethyl acetate for 3 min followed by centrifugation at 1600×g for 10 min. The upper organic layer was quantitatively transferred and evaporated to dryness under a gentle stream of nitrogen at 35 °C. The residue was reconstituted in 100 μL in the mobile phase; after centrifugation at 17 300×g for 10 min a 10 μL aliquot of the supernatant was injected into the LC-MS/MS system for analysis. The added component in each group was not selected in the determination due to its high concentration.
Determination of Salvianolic acid B
The quantitative analysis of salvianolic acid B was performed according to the established method with mild modifications [26] using a Shimadzu 2010EV LC-ESI-MS system (Shimadzu Corporation, Tokyo, Japan) with a Shim-pack C 18 column (150 mm×2.0 mm, 5.0 μm, Shimadzu). The mobile phase was methanol/water (containing 0.01% ammonium acetate) in gradient elution mode at a flow rate of 0.2 mL/min and the column temperature was maintained at 40 °C. Target ions were monitored at m/z 717.1 for salvianolic acid B and m/z 321.15 for chloramphenicol (IS) in the negative ion-monitoring mode. The plasma Sal B concentrations were determined after acetic ether liquid extraction. Briefly, a 100 μL aliquot of plasma was mixed with 25 μL chloramphenicol methanol solution (100 μg/L). Then the mixture was acidified with 40 μL HCl (2 mol/mL) and vortex-mixed with 800 μL ethyl acetate for 5 min followed by centrifugation at 17 300×g for 2 min. The upper organic layer was quantitatively transferred and evaporated to dryness using an evaporator at 40 °C. The residue was reconstituted in 100 μL of the methanol-water mixture (50:50, v/v). After centrifugation at 17 300×g for 10 min, a 10 μL aliquot of the supernatant was injected into the LC-MS system for analysis.
Pharmacokinetic analysis and statistics
Non-compartmental pharmacokinetic analysis and statistical tests
Non-compartmental pharmacokinetic analysis was performed using Excel software (Microsoft, Redmond, WA). The maximum plasma concentration (C max ) and the time to reach the maximum concentration (T max ) were taken directly from the observed data. The terminal elimination rate constant (k e ) was estimated from the slope at the terminal phase of the log plasma concentration-time profiles and the terminal elimination half-life (T 1/2 ) was then calculated as 0.693/k e . The area under measured plasma concentration-time curve (AUC 0-t ) was calculated using the linear trapezoidal method. The area under plasma concentration-time curve extrapolated to infinity (AUC 0-∞ ) was calculated as follows: AUC 0-∞ =AUC 0-t +C t /k e . The mean residence time (MRT) was calculated by the moment method. Clearance (CL) and the apparent volume of distribution (V d ) were estimated by CL=Dose/AUC 0-∞, V d =CL/k e , respectively. The metabolic ratio (MR) of PAL to PA was calculated as AUC 0-∞, PA /AUC 0-∞, PAL .
Results were expressed as means±SD. After applying the Bartlett's test for non-homogeneity of variances, statistical analysis including the two-tailed Student's t-test or the nonparametric Mann-Whitney U test was used to evaluate the significance of the differences between the control group and the other groups. The acceptable level of significance was established at P<0.05 and P<0.01 compared with control group, respectively.
Statistical analysis of the pharmacokinetic parameter alterations of the major components
Relative to the control group, the percentage increase (%) in In addition, the percentage increases of each pharmacokinetic parameter from all component-adding groups were collected to calculate the average alteration magnitude. Thus, the susceptibility of the pharmacokinetic activity for each component may be easily evaluated. For each pharmacokinetic parameter, one-way ANOVA was employed to assess the global influence of the ingredient by the other added components to Danshen injection.
Results
Pharmacokinetics of danshensu and salvianolic acid B were susceptible to the content change of other main ingredients Pharmacokinetic parameters of danshensu and salvianolic acid B are summarized in Table 2 and their mean plasma concentration-time profiles after intravenous administration of Danshen injection with or without added components are shown in Figures 2 and 3 , respectively. Compared with the PAL and Sal A extensively influenced the pharmacokinetic activity of Sal B, as reflected in all of the pharmacokinetic parameters (P<0.05). They significantly increased the plasma Sal B levels. The CL was clearly reduced (by 46.8% and 45.6% after adding PAL and Sal A, respectively) and the V d markedly decreased (by 55.7% and 62.6%, respectively). As a result, the AUC 0-∞ of Sal B increased nearly 100% compared with the control group. No significant alteration in the Sal B pharmacokinetics was observed between the control group and Group B (DI+DSS).
Pharmacokinetic ef fects of content variation of other components on protocatechuic aldehyde and its metabolite protocatechuic acid The mean plasma concentration-time profiles of PAL and PA after intravenous administration of Danshen injection with or without an added component in each group are shown in Figure 4 , and the pharmacokinetic parameters are summarized in Table 2 . Sal B was observed to significantly increase the T 1/2 and V d of PAL (by 49.7% and 63.7%, respectively); however, these two effects neutralized each other. As a result, the AUC 0-∞ and CL did not change significantly. No significant differences in the AUC 0-∞ , MRT, and CL were found between the control and component-added groups.
By contrast, DSS had a greater impact on the pharmacokinetic behavior of the oxidative metabolite PA. The C max of PA markedly decreased from 1.60 mg/L to 0.88 mg/L (P<0.01) and the metabolic ratio (MR) dropped significantly (by 19.9%, P<0.05) compared with the control group, indicating that DSS significantly inhibits the conversion of PAL to PA in rats. The pharmacokinetics of PA were similar when Sal B was added compared with the control group.
Pharmacokinetic effects of content variation of other major components on salvianolic acid A The mean plasma concentration-time profiles of Sal A after intravenous administration of Danshen injection with or without an added component are depicted in Figure 5 and the non-compartmental pharmacokinetic parameters are listed in Table 2 . Compared with the control group, PAL significantly Table  2 indicates, the pharmacokinetic parameters of Sal A did not change significantly compared with the control group when DSS or Sal B was added.
Pharmacokinetic analysis and statistics
Detailed pharmacokinetic parameter alterations that resulted from the content changes to the Danshen injection compared with the control group are shown in Figure 6 . PAL was easily observed to confer the most significant pharmacokinetic impact on the other major components in the Danshen injection. The T 1/2 and V d of DSS, Sal A, and Sal B dropped markedly (by an average 13.1% and 48.7%, respectively). Due to more significant alterations of V d than T 1/2 , the clearances of danshensu and salvianolic acids decreased by a total of 40.8% when PAL was added. As a result, the AUC 0-∞ of DSS, Sal A, and Sal B increased by 78.1%, 51.0%, and 82.9% respectively. Similar to PAL, Sal A had secondary effects on the pharmacokinetics of DSS, Sal B, PAL and its metabolite PA. After Sal A was added, the AUC 0-∞ of these components rose by 31.4% and the CL dropped by 26.7% on average. By contrast, DSS conferred the least pharmacokinetics effects on Sal A, Sal B PAL, and PA overall. One way ANOVA analysis demonstrated the differences of the pharmacokinetic alterations to be most significant with Group D (DI+Sal A) and least significant with Group C (DI+PAL). This finding suggested that PAL has the most homogenous impact on the pharmacokinetic activity of the other components in Danshen injections. GLM univariate analysis showed the variation of the pharmacokinetic parameter values from the "added" components to be more significant than that of the various ingredients analyzed in Danshen injections. In summary, from the viewpoint of component-adding, if the average change in magnitude of overall pharmacokinetic parameters were calculated to evaluate the influences of each added component, the results could be ranked as follows: PAL>Sal A>Sal B>DSS. Global pharmacokinetic parameter alterations of each major constituent in Danshen injection are summarized in Figure 7 . The changes in magnitude of the pharmacokinetic parameters of DSS and Sal B were clearly the most significant, indicating that DSS and Sal B are good sensitive markers from a pharmacokinetic point of view. By contrast, the pharmacokinetic influences of PAL were mild when other major constituents were added. Furthermore, the AUC 0-∞ of each parent compound (ie, DSS, PAL, Sal A, and Sal B) in the Danshen injection increased compared with the control group (30.6% elevation on average). This finding implies that a synergistic pharmacokinetic interaction occurred among these components. On the contrary, the AUC 0-∞ of PA (PAL metabolite) decreased slightly (by about 1.8%). For each non-compartmental pharmacokinetic parameter the results of one way ANOVA analysis showed the differences of the parameter alterations among the major components in Danshen injection to all be significant (P<0.05). This finding indicates that the pharmacokinetic activity sensitivities of these main constituents are obviously different when other components are added. Taken together, from the determination point of view if the mean change magnitudes of the entire pharmacokinetic parameters were calculated to assess the susceptibility of each ingredient, the results may be ranked the following order: Sal B≈DSS>Sal A>PAL>PA.
Discussion
In our experiment, a novel "adding" method was applied to investigate the pharmacokinetic interactions of the main water-soluble components of the Danshen injection. This scenario was a successful application of sensitivity analysis on the experimental design. Based on the integrity of the Danshen injection, the level of only one component varies in each component-added group while the others remain unchanged. Therefore, definite pharmacokinetic interactions may be identified. By contrast, Guo et al could not identify which component in tanshinone extracts leads to significant pharmacokinetic alteration of Sal B [22] . Furthermore, the magnitude and the order of the pharmacokinetic sensitivities of various components in Danshen injection could not be obtained from the results.
As shown in Figure 7 , the AUC of the parent components (ie, DSS, PAL, Sal A, and Sal B) in Danshen injection increased when other components were added, while the clearance of these ingredients decreased. Thus, we conclude that synergistic pharmacokinetic interactions occurred among these parent compounds. This conclusion is consistent with previous reports [7, 22] . Our previous work showed that when Sal B was added the pharmacokinetics of DSS was significantly affected in plasma, tissue distribution and urine excretion [27] . Therefore, we presume that the pharmacokinetic interactions of these water-soluble constituents would also occur in the tissue distribution and urine excretion. The protein binding rate of salvianolic acid B has been reported to be nearly 90% in rat plasma [28] . Hence, PAL, and Sal A clearly influence the pharmacokinetic behavior of Sal B, possibly via the plasma protein binding replacement. In addition, the active ingredients in Salvia miltiorrhiza extract have shown inhibitory effects on the catalytic activities of cytochrome P450 enzymes [29] . Thus, the metabolic inhibition may be another reason for the pharmacokinetic interactions among the major components in Danshen injection. Considering that the pharmacological actions of danshen work in a dose-dependent manner [30] [31] [32] , the pharmacokinetic interactions within danshen water-soluble components would lead to potential pharmacodynamic interactions. Thus, more attention should be paid to the content variation of Danshen injection.
As Figure 6 indicated, PAL exerts the most significant influence on the pharmacokinetics of the other major components in Danshen injection, followed by Sal A. When PAL or Sal A was added the AUC increased by 70.7% or 31.4% on average, respectively, while the CL decreased by 40.8% or 26.7%, respectively. This finding is supported by the fact that PAL is considered a quality control component of Danshen injection [33] . Our findings indicate that Sal A has a clear effect on the pharmacokinetic behavior of the other major components. The content of Sal A is low in Danshen injections and varies significantly from batch to batch [16, 20, 21] . In recent years, Sal A has demonstrated wide pharmacological activities such as protective effects against myocardial infarction [34] , diabetes [35] , or hepatic injury [36] . The change in Sal A content in Danshen injections not only induces the alteration of the pharmacological effects by itself, but also possibly leads to the alteration of the pharmacological actions of other major components. Hence, the integrated pharmacological activity of Danshen injection may be affected by the content variation of Sal A. At present, only PAL is quantified and used as a marker compound for the quality control of Danshen injection [33] . PAL may not reflect the real and comprehensive active constituents in Danshen injection, and is thus inadequate as a quality control. Further control of Sal A content in Danshen injections is In summary, extensive and complex pharmacokinetic interactions were observed among the major water-soluble constituents in Danshen injections. PAL exerted the most significant effects on the pharmacokinetic behaviors of other major constituents. Meanwhile, the pharmacokinetics of DSS and Sal B were more susceptible to the content variation of other components. Further study is needed to investigate the potential pharmacodynamic changes due to the content variation of Danshen injection.
